When cowpea (Vigna unguiculata) cells maintained at 260C are transferred to 420C, rapid accumulation of y-aminobutyrate (>10-fold) is induced. Several other amino acids (including jB-alanine, alanine, and proline) are also accumulated, but less extensively than y-aminobutyrate. Total free amino acid levels are increased approximately 1.5-fold after 24 hours at 420C. Heat shock also leads to release of amino acids into the medium, indicating heat shock damage to the integrity of the plasmalemma. Some of the changes in metabolic rates associated with heat shock were estimated by monitoring the 15N labeling kinefics of free intracellular, extracellular and protein-bound amino acids of cultures supplied with 15NH4 , and analyzing the labeling data by computer simulation. Preliminary computer simulation models of nitrogen flux suggest that heat shock induces an increase in the yaminobutyrate synthesis rate from 12.5 nanomoles per hour per gram fresh weight in control cells maintained at 260C, to as high as 800 nanomoles per hour per gram fresh weight within the first 2 hours of heat shock. This 64-fold increase in the -y-aminobutyrate synthesis rate greatly exceeds the expected (Q10) change of metabolic rate of 2.5-to 3-fold due to a 160C increase in temperature. We suggest that this metabolic response may in part involve an activation of glutamate decarboxylase in vivo, perhaps mediated by a transient cytoplasmic acidification. Proline appears to be synthesized from glutamate and not from omithine in cowpea cells. Proline became severalfold more heavily labeled than omithine, citrulline and arginine in both control and heatshocked cultures. Proline synthesis rate was increased 2.7-fold by heat shock. Alanine, #B-alanine, valine, leucine, and isoleucine synthesis rates were increased 1.6-, 3.5-, 2.0-, 5.0-, and 6.0-fold, respectively, by heat shock. In contrast, the phenylalanine synthesis rate was decreased by 50% in response to heat shock.
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The differential effects of heat stress on metabolic rates lead to flux and pool size redistributions throughout the entire network of amino acid metabolism. where t, and t2 are the temperatures for velocities V, and V2 (21) . For most enzyme-catalyzed reactions, Q,0 is between 1.5 and 2.5, and remains relatively constant over the physiological temperature range (0-50°C) (21) . Thus, in general, rates of an enzyme reaction are expected to approximately double with every 10°C increase in temperature, assuming substrates in the reaction are nonlimiting, and assuming no irreversible thermal inactivation of the enzyme.
Temperature response curves for photosynthesis show a Qio of approximately 2 in the native desert species Tidestromia oblongifolia over the temperature range 15 to 40°C, but a Q,o of close to 0 over this same temperature range in the coastal species Atriplex glabriuscula, with extensive irreversible deactivation of photosynthesis at temperatures between 40°C and 50°C in the latter, but not the former species (2). Clearly, plant species exhibit striking variation for both the temperature optimum for photosynthesis and their genetically determined ability to acclimate to high temperatures (2). In a metabolic network such as photosynthesis in vivo, the Qio for the entire process will be a complex function of stomatal responses, the kinetic properties of ribulose bisphosphatecarboxylase/oxygenase, the temperature response of photosynthetic electron transport, the relative capacities of carboxylation and electron transport, and the maintenance of pools of intermediates in photosynthesis and photorespiration (2) . Ribulose bisphosphate, ATP, NADPH, C02, 02, and fructose 1,6-bisphosphate concentrations may be particularly important in regulating net CO2 assimilation as a function of temperature (2). Conformational changes in membranes and proteins determining enzyme inactivation and loss of membrane integrity above critical, species-dependent threshold temperatures may also determine overall pathway flux (2, 4).
Whereas a great deal is known about the responses of CO2 assimilation to high temperature stress, and the effects of heat shock on protein synthesis (4, 12, 13) , relatively little is known about the changes in rates of plant nitrogen assimilation and amino acid metabolism as a function of temperature. Nevertheless, some generalizations seem possible from the following considerations. Flux redistributions in any metabolic network, such as amino acid metabolism, would be expected to occur whenever differences exist between enzymes of the network in terms oftheir relative thermal stability or turnover. Shifts in temperature sufficient to bring about partial or complete inhibition of protein synthesis (4), increased protein turnover (24) , specific mRNA destabilization (3) or thermal inactivation (2) of one or more enzymes of the network, would be expected to lead to accumulation or depletion of one or more intermediates of the pathway(s), as the ratio of fluxes into and out of the pool(s) are differentially affected by the temperature change. The resulting flux redistributions in the network would depend upon the specific elasticity and sensitivity coefficients of each enzyme in the network (11) and could be exacerbated by temperature induced membrane permeability or conformational changes influencing the pumping of ions and maintenance of proton gradients (thereby affecting intracellular pH), and/or the compartmentation of substrates, intermediates, cofactors and regulatory endproducts of the metabolic pathway(s) (18, 24) .
Obviously for a nonprotein amino acid, flux redistributions in the pathway will be relatively independent of changes in protein synthesis and turnover rates, and largely dependent upon relative temperature responses of the enzymes responsible for synthesis and catabolism of the non-protein amino acid. In the specific case of y-aminobutyrate (GABA2), synthesized by glutamate decarboxylase with an acid pH optimum (6, 20, 34), any stress-induced cytoplasmic acidification could favor accelerated GABA synthesis, relative to GABA transamination, leading to GABA accumulation. This indeed may be an underlying explanation for anaerobic stress-induced GABA accumulation (6, 22, 23, 34) (where anaerobic stress is known to lead to cytoplasmic acidification as a result of lactate accumulation [32, 33] (10) . Because these suspension cultures are nonphotosynthetic, they offer the opportunity to examine the control of nitrogen fluxes in relation to temperature stress independently ofactive CO2 assimilation and associated photorespiratory nitrogen recycling (19) . By monitoring free amino acid and proteinbound amino acid pool sizes and their rates of '5N labeling from '5NH4' supplied in the growth medium, we have sought potential sites in the network of nonphotorespiratory amino acid metabolism where relative fluxes into and out of specific free amino acid pools may be differentially modulated by heat stress. As will be described, GABA metabolism appears to be one such area of metabolism where marked flux redistributions occur in response to heat shock.
MATERIALS AND METHODS Organism and Growth Conditions
Cell suspensions of Vigna unguiculata cv CB5 were initiated from seedling hypocotyl segments according to the procedures of Hasegawa et al. (9) . Cell suspension stocks were routinely maintained in W38 medium (9) minus casein hydrolysate.
Stock cultures were recultured as described previously (10) . Growth temperature for the stock cultures was 26°C. Cell 2Abbreviations: GABA, y-aminobutyrate; GOGAT, glutamate synthase; GS, glutamine synthetase; GDH, glutamate dehydrogenase; HSP, heat shock proteins; MTBSTFA, N-methyl-N-(tert.-butyldimethylsilyl)-trifluoroacetamide; N-DMTBS, N(O)-dimethyl-tert.-butylsilyl; N-HFBI, N(O,S)-heptafluorobutyryl isobutyl; 2-P5CA, 2-pyrrolidone-S-carboxylic acid.
cultures adapted to 26°C and maintained at 26°C for labeling experiments described below will be referred to as CB5-26/ 26. Cell cultures subjected to heat shock involving transfer from 26°C to 42°C will be referred to as CB5-26/42.
Growth of cultures was measured by inoculating identical flasks of W38 medium with 20 g fresh wt/L-' of cells. Flasks of cells were harvested at regular intervals and fresh weight recorded. Cells were dried for 5 d at 50°C for dry weight determination and estimation of fresh weight/dry weight ratios. Growth characteristics and protein profiles of these cell lines have been reported in a previous paper (10) .
'5N Labeling Experiments and Sampling Procedures
Experiments were performed on cell lines maintained for at least 30 generations at 26°C. All cultures were at midexponential growth stages at the time of sampling to determine soluble nitrogen pools, and at the time of initiation of '5N labeling experiments. For initial studies of amino acid pool sizes, flasks were kept on shakers at room temperature (26°C) for CB5-26/26 cultures or were submerged to one-half their height in water baths equipped with reciprocal shakers at 42°C for CB5-26/42 cultures. In the latter heat shock treatment, zero time is defined as the time of submersion in the 42°C bath. For '5N labeling experiments, 99% '"NH4 '5NO3 and K'`NO3 (MSD Isotopes, St Louis, MO) were substituted for the respective '4N salts in the W38 medium, as described previously (27) . Cells in unlabeled W38 medium were allowed to settle briefly and the '4N medium was suctioned off. The cells, with some residual '4N medium, were then added to temperature equilibrated '5N W38 medium. Precise isotope dilution of 'sN medium by residual '4N medium was estimated by analyzing '5N abundance of medium NH4+ (see below). Zero time is defined as the time of dilution into temperature equilibrated 'sN medium. Cultures diluted into '5N medium were then maintained at the specified temperatures as described above.
Aliquots of 15 mL of the suspension cultures were removed at designated time intervals, cells were filtered under suction on Whatman No. 4 filter paper, and the medium was collected. Samples of 10 mL of medium were frozen for subsequent determination of '5NH4' (in experiments where '5N was supplied) and amino acid analysis (to be described below). Cells were immediately weighed for fresh weight determination. Approximately 0.5 g fresh weight ofcells were transferred and weighed into scintillation vials containing 10 mL methanol. Methanolic extracts were stored at 4°C prior to amino acid purification and analysis. Approximately 0.25 g fresh weight of cells were weighed into tared glass scintillation vials and dried for 5 d at 80°C for determination of fresh weight/ dry weight ratios.
Distillation of Medium NH4' and Conversion to Glutamate Aliquots of 2.5 mL of medium were mixed with 1 mL 6 M NaOH and alkaline steam distilled as described previously (29) in a Labconco distillation unit; approximately 15 mL of distillate was collected in a vial containing 0.1 mL 2.5 M HCI to trap NH3 as NH4C1. Distillates were rotary evaporated to dryness and redissolved in 2 mL H20. To these samples were added 100 ,uL 100 mM Tris (pH not adjusted), 0.2 mL 10 mM NADH in 100 mm Tris/acetate (pH 8.0), 0.1 mL 100 mM 2-oxoglutarate (sodium salt) in 100 mM Tris/acetate (pH 8.0), and 0.15 mL GDH (type III, bovine liver, from Sigma) (4.4 mg/mL 100 mm Tris/acetate [pH 8.0]). Mixtures were incubated at room temperature for 20 min and then samples were applied to 2.5 x 1 cm columns of Dowex-l-acetate. After washing columns with 6 mL H20, glutamate was eluted with 6 mL 0.2 M acetic acid, evaporated to dryness, and redissolved in 0.6 mL 60% methanol prior to derivatization as N-HFBI glutamate and estimation of '5N abundance of glutamate by GC-MS (see below).
Amino Acids of Medium
Amino acids in the medium were isolated by applying 7.5 mL of medium to 3 cm x 1 cm columns of Dowex-1-OH-, together with 250 nmol a-amino-n-butyrate as internal standard. Columns were washed with 6 mL H20 and amino acids eluted with 6 mL 2.5 M HCI. After rotary evaporation to dryness, samples were redissolved in 2 mL H20 and applied to 2.5 x 1 cm columns of Dowex-50-H+. Columns were washed with 6 mL H20 and amino acids eluted with 6 mL 6 M NH40H. These two ion exchange steps were found to be necessary to remove the medium amino acids (where present) from the major sugar and salt components of the medium. Samples were concentrated to dryness under a stream of air, redissolved in 60% methanol and derivatized to N-HFBI amino acid derivatives as described below.
Isolation of Soluble Nitrogen Pools of Cowpea Cells
Methanol extracts were phase-separated with chloroform and water as described previously (27) . The organic phase and methanol insoluble cell debris was pooled and dried under a stream of air to evaporate chloroform, and was subsequently used for protein extraction (to be described below). Two internal standards were employed for the free amino acid determinations; L-a-amino-n-butyrate (for the neutral + basic amino acid fraction) and L-a-aminoadipic acid (for the acidic amino acid fraction), with both internal standards (250 nmol each) added to the aqueous fraction after phase-separation of the methanol extracts. Amino acids were then separated into neutral + basic and acidic amino acid fractions by Dowex-50-H+ and Dowex-1-acetate ion exchange chromatography as described previously (25, 30) .
Protein Hydrolysis
Total soluble protein was extracted from the dried methanol insoluble cell extract residue by phenol partitioning (14) . Dried cell residue was sonicated briefly with 1 mL of the organic phase plus 0.5 mL of the aqueous phase ofthe phenol reagent described by Maniatis et al. (14) . Extracts were centrifuged and the phenol phase containing protein was added to 5 volumes of chilled methanol containing 0.1 M ammonium acetate. Precipitated proteins were pelleted at l0,OOOg for 15 min and washed twice with chilled methanol/ammonium acetate solution. Proteins were hydrolyzed in 6 M HCI at 100°C for 18 h. Samples were rotary evaporated to dryness after hydrolysis, redissolved in 2 mL H20 and 250 nmol of pipecolic acid internal standard was added. Amino acids in the hydrolysates were purified by Dowex-50-H+ ion exchange chromatography as described above, and derivatized to N-HFBI amino acid derivatives for GC and GC-MS analyses as described below.
GC-MS
Derivatization, GC, and GC-MS analyses ofN-HFBI amino acid derivatives were performed as described previously (25) (26) (27) (28) (29) (30) . Routinely, halfofthe neutral + basic amino acid fractions and all of the acidic amino acid fractions of the intracellular free amino acid pools, half of the purified amino acids from the medium, half of the purified protein hydrolysates and half of the medium NH4' samples converted to glutamate (all samples in 60% methanol) were concentrated to dryness and derivatized to N-HFBI amino acid derivatives (30 printer, using a 30 m x 0.25 mm (internal diameter) DB-1 fused silica capillary column (0.25 ,um film) using helium as carrier gas (30) . The source temperature was 160°C, the injector temperature was 225°C, the interface temperature was 240°C, and the electron multiplier voltage was 1700 V for most applications. For analysis of N-HFBI neutral + basic amino acid fractions, protein hydrolysates and medium amino acids, the oven temperature program was 100°C (4 min) to 220°C at 6°C per min, and the mass range scanned was 200 to 400 amu for all electron ionization studies. For N-HFBI acidic amino acids and the medium NH4+ samples converted to glutamate, the oven temperature program was 1400C to 2200C at 8°C per min, and the mass range scanned was 200 to 400 atomic mass units for electron ionization studies. The following ion ratios were used to calculate '5N abundance of the amino nitrogen moieties of the major free The remaining half of the neutral + basic amino acid fractions were derivatized with MTBSTFA in pyridine as described previously (30) . Aliquots of 2 1AL of N-DMTBS derivatives of neutral + basic amino acid fractions (containing glutamine and asparagine) were analyzed by electron ionization mass spectrometry as described above for N-HFBI neutral + basic amino acid fractions except that the oven temperature program was 2000C to 270°C at 80C per min. The mass range was 400 to 450 amu, thereby focusing on the major fragment ions of the glutamine and asparagine derivatives containing both N moieties of the amides from which the amide abundance and relative percentages of unlabeled, single-labeled and double-labeled species were calculated (30) .
Computer Simulation Studies
Computer simulations were performed essentially as described previously (26, 27, 31) . Simulations were run on an IBM Personal System 2 Model 30 Computer. Programs were written in BASIC and used a 0.025 h iteration interval to generate simulations of the labeling behavior of amino acids ofknown total pool size, partitioning pools into 'metabolically active' and 'metabolically inactive' (storage) components and varying the rate ofsynthesis ofeach amino acid (from assumed precursors), amino acid utilization rate, and the rate of metabolic exchange between active and inactive pools until a close match between simulated and observed labeling data was obtained.
RESULTS AND DISCUSSION Effects of Heat Shock on Free Amino Acid Pool Sizes
Cell cultures preadapted to 26°C and maintained at 26°C (CB5-26/26) exhibited a fresh weight doubling time of 2.32 d following a lag-phase of approximately 2 d and an average fresh weight/dry weight ratio of 10.61 (not shown). Heat shock resulted in complete growth inhibition (not shown) and a rapid decrease in fresh weight/dry weight ratio from about 10.5 to 8.2 during the first few hours after transfer from 26 to 420C (CB5-26/42) ( Fig. 1 ). This heat shock is known to induce the full spectrum of HSP in cowpea cells (10) and was chosen for the studies of amino acid metabolism which follow for this reason.
The lower fresh weight/dry weight ratio associated with heat shocked relative to control cultures maintained at 260C, leaves open the possibility that certain metabolic responses to high temperatures may in part be a function of altered water status. In the subsequent studies we do not attempt to distinguish between the direct effects of temperature on metabolic 25, 197 rates versus indirect effects such as heat stress-induced desiccation which could in turn elicit specific metabolic rate changes (8, 27) . This desiccation induced by heat stress could, for example, contribute to the observed accumulation of free amino acids (expressed on a per g fresh weight basis) (cf Tables I and II) , and could specifically induce proline accumulation (8, 26, 27) . (Fig. 1) . However, only a 20 to 30% increase in free amino acid levels could be expected to result from the observed decrease of fresh weight/dry weight ratio. After 24 h the total free amino acid pool was increased approximately 1.5-fold above the total free amino acid level ofcontrol cultures maintained at 26°C. (b) Heat shock resulted in a 10-fold increase in GABA level within 24 h. This occurred very rapidly with a 5-fold accumulation of GABA detectable within 2 h. (c) Heat shock induced accumulation of some (e.g. f-alanine, alanine, proline, and tyrosine) but not all (e.g. serine, aspartate, and asparagine) amino acids.
To address some of the changes in metabolic rates responsible for these amino acid pool perturbations associated with heat shock, the samples from cultures transferred to '5N medium at 26°C and 42°C were monitored in detail for '5N abundance of free intracellular and extracellular amino acid pools, and amino acid residues of protein.
15N Labeling Kinetics of Intracellular Amino Acid Pools
The results of Tables III and IV summarize the kinetics of depletion of the unlabeled pool of glutamine (C) and the changes in the ratio of double:single labeled glutamine species (D) in the two cultures. Glutamine-amide N became more heavily labeled than the glutamine-amino group in both cultures. Heat shock appeared to slightly increase the rate of '5N incorporation into both N groups of glutamine. It seems likely that a fraction of the total glutamine pool may be metabolically inactive (e.g. localized in the vacuole) (30) . Thus, an unlabeled pool of glutamine (20-30% of the total) remains after 24 h of exposure to 'sN medium at both 26 and 42°C (Fig. 2C ). This would tend to isotopically dilute the metabolically active pooi upon extraction. The metabolically active pool of glutamine could thus have much higher isotopic abundance than the bulk pool extracted. The ratio of double:single labeled glutamine species is essentially a probability function of the '5N abundance of free ammonia and glutamate at the site of action of GS in the metabolically active compartment (30) . To generate a ratio of double:single labeled glutamine species of 1.5 by 24 h, the average '5N abundance of NH4, and glutamate at the site of action of GS must have exceeded 75% '5N. As can be seen, heat shock caused a small increase in the ratio of double:single labeled glutamine species (Fig. 2D) , suggesting that heat shock may slightly increase nitrogen flux via the glutamine pool. In part this could be the result of increased flux via glutamate which became more heavily labeled in heat-shocked cells (Tables III  and IV) . Glutamate became extensively labeled in both cultures, often greatly exceeding the isotopic abundance of glutamineamino-N. The isotopic abundance values reported for glutamine-amino-N are largely corroborated by those also shown for 2-P5CA, which represents a deamidation/cyclization product of glutamine arising during derivatization and which contains only the amino N group of glutamine (27, 30) . The '5N abundance values for 2-P5CA agree well with those shown for glutamine-amino-N (Tables III and IV) . The more extensive labeling of glutamate than glutamine-amino-N has been difficult to rationalize in terms of the exclusive operation of the GS-GOGAT pathway of ammonia assimilation, where glutamate is both the precursor and product of glutamineamino-N (17, 26, 27, 31) . Computer models developed to accommodate the observed labeling of glutamine-amide N, glutamine-amino-N and glutamate required simultaneous operation of both the GS-GOGAT and GDH pathways of ammonia assimilation (Figs. 3 and 4) , with flux via the GS-GOGAT pathway increasing 1.6-fold in response to heat shock, and flux via the GDH pathway increasing 1.2-fold. Net ammonium assimilation was increased from 2.25 ,umol/ h -g fresh weight to 3.0 ,umol/h g fresh weight in response to heat shock (Figs. 3 and 4) . These models yield the simulated labeling of glutamine and glutamate shown in Figures 5A , SB, 6A, and 6B. For both CB5-26/26 ( Fig. SA) and CB5-26/ 42 (Fig. 6A) , the models slightly overestimated the labeling of glutamine-amino-N, and underestimated the labeling of glutamine-amide while providing good fits to the observed labeling of glutamate (Figs. SB and 6B, respectively). As indicated in the models of Figures 3 and 4 , it was necessary to envisage rapidly turning-over metabolic pools of both glutamate and Amino Acid glutamine which are in slow equilibrium/exchange with metabolically inactive (storage) pools. It is likely that the latter represent vacuolar pools of these amino acids (26, 27) .
Because the pool of GABA rose by a factor of 5-fold within 2 h of heat shock and became labeled to a 4-fold greater abundance within 2 h (35.4% in CB5-26/42, versus 8.6% in CB5-26/26 cultures) (Tables III and IV) , it follows that the GABA synthesis rate must be substantially increased by heat shock. This conclusion is supported by computer simulation studies. The observed labeling of GABA in CB5-26/26 cultures could be accommodated assuming a rate of synthesis (and utilization) of GABA of 0.0125 ,umol/h.g fresh weight (Figs. 3 and SB) . In contrast, to account for the observed expansion of the GABA pool and its heavy labeling in CBS-26/42 cultures, it was necessary to envisage a rate of synthesis of GABA of 0.8 ,mol/h g fresh weight during the first 2 h (Figs. 4 and 6B ). This represents a 64-fold increase in GABA synthesis rate. Beyond 2 h after heat shock, the labeling of GABA and expansion of the GABA pool could be accommodated by assuming a rate of synthesis of 0.1 ,smol/h.g fresh weight (a 7-fold increase above the control rate) and a rate of GABA utilization of 0.05 ,umol/h *g fresh weight (a 4-fold increase above the control rate) (Figs. 4 and 6B) . It is possible that the expansion of the GABA pool leads to increased GABA utilization (e.g. transamination) rates (20, 34) .
Although alanine level increased by 50% during the 24 h heat shock (Tables I and II) , the extent of labeling of the alanine pool appeared to be little affected by the heat shock (Tables III and IV) . Alanine synthesis rates were estimated to be 1. 25 (Figs. 3, 4 , 5C, and 6C), implying only a 60% increase in flux via the alanine pool. Since both alanine and GABA tend to accumulate simultaneously during anaerobic stress (34) , the heat shock-induced accumulation of GABA would not appear to be strictly analogous to the anaerobic stress response. GABA accumulation in response to heat shock could possibly involve a heat shockinduced cytoplasmic acidification (independent of anaerobic pyruvate accumulation and lactate glycolysis) and/or to some other highly specific activation or induction of glutamate decarboxylase. Under anaerobic conditions cytoplasmic acidification is implicated in the activation of GABA synthesis via glutamate decarboxylation (6, 34). Pyruvate accumulation from glycolysis, and transamination of accumulated pyruvate to alanine may account for alanine accumulation under anaerobic conditions (6, 24).
As noted earlier, heat shock leads to proline accumulation. Because during heat shock the proline pool rises two-to threefold and becomes more heavily labeled with 'sN (cJf Tables III and IV) , it follows that heat shock must lead to an increase of proline synthesis rate. This could be due either to the desiccation that occurs during heat shock ( Fig. 1) and associated water stress-induced proline accumulation (8, 26, 27) , and/or to a direct effect of temperature on the enzymes of the proline biosynthetic pathway(s). Since neither the aamino groups of ornithine, citrulline or arginine achieved the same isotopic abundance of proline in either culture at any time (ornithine, citrulline and arginine always exhibited severalfold lower isotopic abundance than proline), it is difficult to rationalize a pathway of proline synthesis in cowpea cells (14N,15N + 15N,14N )Nlabeled glutamine.
via the ornithine pathway (1, 35). The simplest interpretation of the labeling data is that proline is derived from glutamate and that the nitrogen groups of ornithine, arginine and citrulline are not in rapid equilibrium with proline or its immediate precursors (A '-pyrroline-5-carboxylate and glutamic semialdehyde). This conclusion is similar to that reached for tomato (27) and tobacco (26) (Figs. 3, 4 , SD, and 6D). Heat shock had little effect on the rate of labeling of threonine, and the a-amino-N of lysine (both derived from aspartate) (Tables III and IV) , again suggesting that net flux through the aspartate pathway is not markedly affected by a 16°C increase in temperature. This is further corroborated by a consideration of the labeling of asparagine. Figure 7 illustrates the time-course ofchanges in asparagineamide (A) and asparagine-amino (B) 15N abundance, and the kinetics of depletion of unlabeled asparagine species (C) and ratio of double:single "5N labeled asparagine species in the two cultures. Both cultures exhibited remarkably similar labeling of asparagine, suggesting that heat shock has little or no effect on asparagine synthesis rate. Computer modeling indicated rates of synthesis of asparagine-amide N (assumed to be derived from glutamine-amide) and asparagine-amino N (assumed to be derived from aspartate) of 0.017 ,umol/h.g fresh weight in both cultures (Table V) . Table V provides a summary of the kinetic parameters of best-fit to several amino acids (including asparagine) for the two cultures.
The rates of labeling of the branched-chain amino acids valine, leucine and isoleucine were all increased by heat shock; thus after 2, 4 and 8 h valine, leucine and isoleucine in CB5-26/42 cultures exhibited approximately twofold greater '5N abundance than the corresponding amino acids of control cultures (CB5-26/26) (Tables III and IV) . These results would appear consistent with an increase in flux through the branched-chain amino acid pathway associated with a + 1 6°C heat shock. Modeling indicated that the rates of synthesis of valine, leucine, and isoleucine were increased two-, five-and sixfold, respectively, by heat shock (Table V) . Simulated labeling curves for valine (but not leucine and isoleucine) are illustrated in Figures 5D and 6D . (gmol/h.g fresh wt). This model assumes a steady-state, so that flux to a pool is exactly balanced by an equal efflux from that pool. Amino acid pools have been partitioned into metabolic and storage pools which are assumed to be in equilibrium/exchange with one another at the specified rates. In both cultures serine was more heavily labeled than glycine at all times (Tables III and IV), suggesting that glycine is not the precursor of serine in cowpea cells in culture, as was also concluded for tomato cells (27) assumes a non-steady-state, so that flux to a pool is not always exactly balanced by an equal effux from that pool. Where a rate of synthesis exceeds amino acid utilization rate, the pool is envisaged to expand at the specified rate (as indicated by semicircular arrows One of the few amino acids to exhibit a decrease in the rate of 15N labeling in response to heat shock was phenylalanine, which achieved 45.5% '5N after 24 h in control (CB5-26/26) cultures (Table III) , but only 25.5% '5N after 24 h in heat shocked (CB5-26/42) cultures (Table IV) . The rate of phenylalanine synthesis thus appears to be inhibited by 50% in response to heat shock (Table V) . Unfortunately no ions containing the N-moiety of tyrosine were detected by electron ionization GC-MS analyses, and so it was not possible to determine whether or not this inhibition of phenylalanine synthesis was specific to the phenylalanine branch of the tyrosine/phenylalanine biosynthetic pathway.
An unusual characteristic of cowpea cells is the large free pool of histidine (Tables I and II) . Electron ionization mass spectra of the N-HFBI histidine derivatives revealed major fragment ion clusters at m/z 306 to 310 containing all three N atoms of histidine (not shown) which were used to derive the relative abundance of unlabeled, single-'5N, double-'5N and triple-'5N labeled histidine species in the free pool (Fig.  8) . Because heat shock leads to more rapid depletion of the unlabeled histidine pool, and more rapid accumulation of single, double and triple-labeled histidine species, these results clearly indicate that heat shock increases the synthesis and turnover of histidine. Although we have not yet attempted to derive models to accommodate these labeling patterns, it is noteworthy that one of the nitrogen groups of histidine is thought to be derived from ATP and the other two from glutamate and glutamine-amide N (15) . Assuming that glutamate and glutamine-amide would become more heavily '5N-labeled than ATP, the production of triple-labeled histidine species in the free pool should be largely dependent upon the rate of '5N labeling of the ATP pool. Since heat shock appears to markedly increase the rate of accumulation of triple-labeled histidine species (Fig. 8D) , this suggests that the rate of turnover ofATP may be increased by heat shock. Heat shock has been reported to cause a rapid reduction in ATP levels (7), but little is yet known about the specific effects of heat shock on ATP consumption in the histidine biosynthesis pathway in higher plants.
15N Labeling of Amino Acids of the Medium in Heat-

Shocked Cultures
The above results point to marked adjustments in amino acid metabolism associated with heat shock, particularly at the level of GABA metabolism. Heat-shocked cell cultures (CB5-26/42) also released total free amino acids to the medium at a rate of approximately 30 nmol/h.mL (Table VI) so that after 24 h the concentration of total amino acids in the medium reached over 700 nmol/mL. At a cell density of 0.053 g fresh weight/mL of medium, this translates to a rate of release of amino acids to the medium of approximately 600 nmol/h.g fresh weight. A substantial fraction of the accumulated amino nitrogen in heat-shocked cells must therefore be released to the medium, presumably as a result of heat damage to the integrity ofthe plasmalemma (2, 5). The results of Table VII tend to support this conclusion. Thus, for several amino acids, including alanine and GABA, the isotopic abundance of the extracellular amino acids often exceeded the isotopic abundance of the total free intracellular pool (cJf Tables IV and VII) . This pattern would not be unexpected if the more heavily labeled metabolic (cytosolic) pools of the amino acids were selectively released to the medium via a (15N,15N)-:single (14N,'15N + '5N,14N )labeled asparagine. 'leaky' plasmalemma. The kinetics of release of total amino acids to the medium in heat shocked cells were essentially linear with respect to time (Table VI) . Alanine was the most abundant amino acid in the medium in the heat shocked cultures at all times (Table VI) , and this may reflect the dominant position of alanine as the major free amino acid pool constituent of cowpea cells (Tables I and II) . Cells maintained at 26°C exhibited very little amino nitrogen in the medium at all times (not shown). The mean extracellular total amino acid content of the medium of cells maintained at 26°C was 30 nmol/ml, and never exceeded 50 nmol/ml throughout the 24 h time-course described in Table I fresh weight basis; this is consistent with the expected increase in total protein levels due solely to the desiccation associated with heat shock noted earlier (Fig. 1) . '5N incorporation into protein will of course be determined by net rates of protein synthesis, and the turnover and individual labeling kinetics of the metabolically active (putatively cytosolic) pools of amino acids serving as precursors of protein amino acid residues (26) . Because threonine amino acid residues of protein achieved 15N abundances which exceeded the '5N abundance of the total free threonine pool in both cultures, it follows that threonine must exist as a small metabolically active pool serving as a precursor of protein threonine residues, and that the labeling kinetics of the total intracellular threonine pool must largely reflect labeling of a relatively metabolically inactive (vacuolar) pool of threonine. Similar considerations apply to histidine, where protein histidine residues were almost equally as heavily labeled as the total free pool of histidine in both cultures. The labeling of histidine residues of protein ( Fig. 9) suggest that a small free histidine pool which becomes heavily labeled with 'sN in all three N moieties must serve as the precursor of protein histidine residues. The pattern of labeling of protein histidine residues would not be expected if the bulk free histidine pool (largely comprised of unlabeled histidine [ Fig. 8] ) served as precursor of protein histidine residues. A large fraction of the free histidine pool must therefore be vacuolar in cowpea cells.
Phenylalanine amino acid residues of protein became labeled to 20 .3% '5N after 24 h in CB5-26/26 cultures, but to only 9.6% '5N in CB5-26/42 cultures after 24 h (Tables VIII  and IX) (Tables III and IV) , whereas the protein amino acids of heat shocked cells tended to be less heavily labeled with '5N (Tables VIII and IX) , it is evident that total protein synthesis must be reduced by heat shock.
However, we estimate this inhibition of total protein synthesis to be no more than 20 to 30%. Heat shock is well known to lead to inhibition of "normal" protein synthesis and induction of HSP (12, 13 
